Lead zirconate titanate (PbZr x Ti 1-x O 3 , or PZT) is a piezoelectric material widely used as sensors and actuators. For microactuators, PZT often appears in the form of thin films to maintain proper aspect ratios. One major challenge encountered is accurate measurement of piezoelectric coefficients of PZT thin films. In this paper, we present a simple, low-cost, and effective method to measure piezoelectric coefficient d 33 of PZT thin films through use of basic principles in mechanics of vibration. A small impact hammer with a tiny tip acts perpendicularly to the PZT thin-film surface to generate an impulsive force. In the meantime, a load cell at the hammer tip measures the impulsive force and a charge amplifier measures the responding charge of the PZT thin film. Then the piezoelectric coefficient d 33 is obtained from the measured force and charge based on piezoelectricity and a finite element modeling. We also conduct a thorough parametric study to understand the sensitivity of this method on various parameters, such as substrate material, boundary conditions, specimen size, specimen thickness, thickness ratio, and PZT thinfilm material. Two rounds of experiments are conducted to demonstrate the feasibility and accuracy of this new method. The first experiment is to measure d 33 of a PZT disk resonator whose d 33 is known. Experimental results show that d 33 measured via this method is as accurate as that from the manufacturer's specifications within its tolerance. The second experiment is to measure d 33 of PZT thin films deposited on silicon substrates. With the measured d 33 , we predict the displacement of PZT thin-film membrane microactuators. In the meantime, the actuator displacement is measured via a laser Doppler vibrometer. The predicted and measured displacements agree very well validating the accuracy of this new method.
Introduction
MEMS actuators driven by lead zirconate titanate (PbZr x Ti 1-x O 3 , or PZT) have received wide attention recently because they could potentially outperform other MEMS actuators in terms of bandwidth [1] [2] [3] , energy density [4] , and actuation strength. As a result, PZT microactuators enable various new advanced applications, such as minute hearing aids [5, 6] , miniaturized diagnostic tools [7, 8] , micropumps and microejectors [9, 10] , atomic force microscopy [11] , head positioning system of optical and hard disk drives [12, 13] , and active control systems [14] . Moreover, PZT has been adopted in microsensors for many innovative applications, such as energy converters and harvesters [15] [16] [17] , active and passive damage detection [18] , and random access memory [19] [20] [21] . In scaling down the size to submillimeter range, PZT microsensors and microactuators often employ PZT thin films whose thickness is less than 10 lm to maintain a proper aspect ratio. The form of PZT thin films, however, presents a wide range of unique challenges that do not exist in bulk PZT or thick-film PZT (with film thickness more than 100 lm). One of them is measurement and calibration of piezoelectric coefficient d 33 .
For bulk PZT or thick-film PZT, piezoelectric coefficient d 33 is often measured in two ways. The first way is to apply an electric field and measure the corresponding strain. In this case, displacement of the PZT surface is often measured via a capacitive displacement probe [22] , a laser interferometer [23] or a laser Doppler vibrometer (LDV) [24] . Then the normal strain is calculated from the measured displacement.
These methods, however, become impractical for PZT thin films for several reasons. First, normal displacement of PZT thin films is extremely small due to their small thickness in comparison with that of bulk or thick-film PZT. This small displacement is often out of the resolution limit of displacement probes. As a result, the calculated normal strain suffers poor resolution and low signal-to-noise ratio. Second, laser interferometer measurements highly depend on surface quality of the PZT sample. The specimen has to be either polished or attached with a mirror to obtain a flat and reflective surface. This proves to be very difficult to realize, when PZT appears in the form of thin films. Third, the measurement of laser interferometer and LDV tend to include a large contribution from substrate bending and distortion, which cannot be accounted for accurately.
The second way to measure d 33 for bulk or thick-film PZT is to apply a known force and measure the corresponding charge [25] . The applied forces can be either static or dynamic. If a static (i.e., constant) force is uniformly applied over a bulk or thick-film PZT specimen, the stress can be calculated from the applied constant force and the area over which the force is applied. In the meantime, the corresponding charge density can be obtained through the product of the capacitance and voltage of the PZT divided by the electrode area. Theoretically, in the time domain, d 33 is the ratio between the charge density and the stress.
Alternatively, a dynamic force can be applied to a bulk or thickfilm PZT specimen via a mechanical shaker [22] , as typically done in d 33 meters or charge measuring rigs. In this case, the instrument first applies a constant preload to hold the PZT specimen. Then it varies the applied load harmonically at an ac frequency that is above the cutoff frequency of the PZT resistor-capacitor (RC)-circuit but below the resonance frequency of the specimen. In the instrument, a load cell measures the varying applied load and a charge amplifier records the charge. Then d 33 can be calculated using the same method described above for the constant force measurement.
Both static and dynamic measurement methods become impractical for PZT thin films. In the case of static forces, PZT thin films often have a much smaller time constant than bulk or thick-film PZT. As a result, the measured charge decays very quickly and is difficult to measure accurately in the time domain. Moreover, as PZT becomes thin (e.g., 1 lm), the output voltage is significantly reduced and the signal-to-noise ratio drops. To reduce the noise, a very large force is needed in the measurements. The large force could, in turn, fracture or depolarize the PZT thin films [25] .
In the case of d 33 meters (i.e., dynamic forces), d 33 meters frequently fracture PZT thin-film specimens when the static preload is applied. If the specimens survive the preload, d 33 meters often penetrate the top electrode during the measurement phase due to the friction between the meter's probe and the specimen. Moreover, the measurements from d 33 meters vary substantially from point to point on the same specimen (if the specimen survives the preload and the friction). This primarily results from the fact that thin-film specimens often take the form of a thin plate instead of a thick block. Consequently, dimensions, geometry, measurement locations, and boundary conditions of the specimen can significantly affect the measured results.
Aside from these "operational" difficulties, measurements of d 33 from PZT thin films also have their own unique challenges. For example, piezoelectric coefficients of PZT thin films can vary significantly on residual stresses [26, 27] . PZT thin films could easily be depolarized during testing when excessive forces are applied [25] .
PZT thin films must be tested integrally with its substrate; therefore, the test results will bear certain dependence on the substrate's geometry, material properties, and boundary conditions [28] .
Facing these challenges, researchers have been developing innovative methods to measure piezoelectric coefficients of PZT thin films [29] [30] [31] [32] [33] . One approach is to use simple instrumentation and subsequently correct the effects from the substrate. For example, Lefki and Dormans [29] apply a static force ranging from 0 to 20 N via a metallic tip with 1 mm 2 area to a PZT thin film integrated on a silicon substrate. In return, they measure responding charge Q from the PZT film, and calculate the charge-force ratio known as d 33 (dp) in the paper. Since the substrate is present, the measured d 33 (dp) is different from the true piezoelectric coefficient d 33 of the PZT film. Alternatively, Al-Ahmad and Plana [30] applied two electric fields (parallel-mode and antimodes) to PZT thin films and measure the variation in capacitance due to the two opposite orientations of the bias voltage, from which the piezoelectric coefficient d 33 are derived. Although this method is simple and straightforward, it relies on many assumptions (e.g., stress-free condition and d 33 ¼ 2d 31 ) and completely ignores the effects of substrate.
The second approach is to use advanced experimental setup to minimize the effects of the substrate. Park et al. [31] use pneumatic loading to induce electric charge to characterize d 33 . The advantage of this method is that a uniform and noncontact force is applied via the pneumatic loading. This method, however, requires significant hardware (e.g., air chamber). Also, the seals (e.g., O-ring) used in the application could potentially induce inplane stresses affecting the measured d 33 . Park et al. also do not devise a solution to compensate for the effects of the substrate. Kholkin et al. [32] and Chao et al. [33] use a dual-beam scanning laser interferometer to measure thickness change DL of a PZT film induced by an electric field. The piezoelectric coefficient d 33 is then derived using d 33 ¼ DL/V, where V is the applied voltage. Although this method is very appealing, the experimental setup and instrument layout is complicated and expensive. According to the theory of piezoelectricity, the thickness change measured will contain displacement induced by the applied electrical field and responding in-plane stresses simultaneously.
From the discussion above, measurements of piezoelectric constant d 33 of PZT thin films face two major challenges. The first challenge is to eliminate the effects of the substrate. Some of the existing methods only need simple experimental setups, but they cannot completely compensate for the effects of the substrate [29, 30] . The other existing methods rely significantly on sophisticated experimental setups to minimize the effects of the substrate [31] [32] [33] . The second challenge is accuracy of the measured d 33 . None of the existing literature [29] [30] [31] [32] [33] investigates the accuracy of their measured d 33 . For example, if the measured d 33 is used to design a PZT thin-film microactuator, how much will the designed actuator response differ from the actual actuator response measured in experiments?
Motivated by the challenges above, we present in this paper a simple and cost-effective way to measure piezoelectric coefficient d 33 of PZT thin films. Aside from being simple and cost-effective, this new method has two unique features. First, it rigorously accounts for the effect of the substrate. Therefore, such a method is particularly favorable during microfabrication, where the piezoelectric coefficient can be quickly estimated to determine the quality of the fabricated PZT thin films. Second, it measures d 33 accurately. Therefore, one can use it to design a PZT thin-film microdevice, and subsequently predict its response accurately.
The new method to measure d 33 is a two-step process. The first step is to use a mini impact hammer (with a load cell) to excite the PZT film. During the excitation, the impulsive force is measured via the load cell and the responding charge of the PZT film is measured through a charge amplifier. The impulsive force has large enough amplitude to ensure a good signal-to-noise ratio, but not so much to cause depolarization of the PZT thin films. Since the impulsive force has extremely short duration (e.g., 200 ls), the discharge effect (i.e., the time constant effect) of the PZT circuit can be ignored. With this method, a digital oscilloscope and a charge amplifier will be sufficient to complete the measurements. At the end of the experiment, a charge-force ratio can be obtained precisely.
Similar to d 33 (dp) measured by Lefki and Dormans [29] , the charge-force ratio will significantly depend on substrate properties and dimensions. Therefore, the second step is to compensate for the effects of the substrate in order to extract the true piezoelectric coefficient d 33 from the measured charge-force ratio. To do so, one can conduct a finite element analysis of the tested specimen to determine a calibration factor that relates the charge-force ratio to the true piezoelectric coefficient d 33 .
For the rest of the paper, we will first present theoretical foundation and a finite element modeling to quantify the calibration factor. In addition, we will conduct a parametric study to understand how the calibration factor depends on various parameters, such as substrate material, boundary conditions, specimen size, specimen thickness, thickness ratio, and PZT thin-film material. We then explain the experimental setup and conduct two rounds of experiments to demonstrate the accuracy (and thus feasibility) of this method. The first round of experiments is to apply this new method to a disk resonator with thick-film PZT, whose d 33 is known, to confirm its accuracy. In the second round of experiments, we apply the new method to a PZT thin film deposited on a silicon wafer, use the extracted d 33 to predict displacement of a PZT thin-film membrane miocroactuator, and confirm the microactuator's displacement via a laser Doppler vibrometer. The close agreement between the predicted and measured actuator displacements thus proves the accuracy of the new method. Finally, we conclude the paper with a remark on residual stresses in PZT thin films.
Theoretical Foundation
The analysis below provides a theoretical foundation to justify the use of an impact force to measure piezoelectric coefficient d 33 of a PZT thin film.
Let us consider an elastic substrate occupying semi-infinite domain in Fig. 1 . The substrate carries a bottom electrode, above which a PZT thin film is coated. Finally, a top electrode occupying a finite area is deposited on the PZT film. The thickness of the two electrodes and PZT film is considered infinitesimal compared with the semi-infinite substrate; therefore, they do not contribute to any stiffness when the substrate deforms under external loads. The polar coordinates r and h define the substrate surface, while coordinate z is normal to the substrate surface. In addition, z ¼ 0 defines the location of the two electrodes and the PZT film. Further, the electrodes are subjected to an open-circuit condition such that no net charge is flowing in or out of the electrode, i.e.,
where q 3 is the total charge out of the surface at z ¼ 0, e 3 is the electric displacement (i.e., charge density) in the z direction, and the integration can be over the top or bottom electrode. Consider the case when an impulsive concentrated load f ðtÞ ¼ FdðtÞ is applied at the origin in Fig. 1 . Assuming a quasistatic condition, Boussinesq's solution of a semi-infinite half space in linear elasticity shows that the stresses on the surface at z ¼ 0 take the form of
where r r ; r h are normal stresses, r rh ; r hz ; r rz are shear stresses, and v is the Poisson's ratio of the substrate. In addition, the normal stress r z is singular at r ¼ 0 satisfying ð
In this case, the constitutive equation of the piezoelectricity
where d 33 is piezoelectric coefficient, e 33 is the dielectric constant, and E 3 is the electric field in the z direction. Note that the effect of d 31 does not appear, because r r ¼ Àr h from Eq. (2). Substitution of Eq. (4) into Eq. (1) results in
With a one-dimensional electrostatic analysis,
where V is the voltage and d is the thickness of the PZT film. If we can assume that the PZT film behaves like a parallel capacitor, substitution of Eq. (3) and Eq. (6) into Eq. (5) to obtain
where
is the capacitance of the PZT film. Note that F and V are the "strength" of the impact and responding voltage. For practical applications, they can be taken as the peak of the impact amplitude or the area underneath the impact history in the time domain. Equation (7) rests on many critical assumptions that may not be realized in experiments. For example, a realistic specimen will not occupy a half-infinite space, and will be subjected to some sort of boundary conditions. The PZT thin film and electrodes will not have an infinitesimal thickness. The impact force applied will not be a point force; instead, it will have a spatial distribution. In light of these realistic constraints, Eq. (7) would take the form of
where a is a calibration factor associated with the specimen to be tested. If a is determined a priori via a finite element analysis, for example, Eq. (8) can be used to extract d 33 experimentally free of the effects of the substrate. Also note that C PZT V=F is indeed the piezoelectric coefficient d 33 (dp) measured by Lefki and Dormans [29] . Extracting the true piezoelectric coefficient d 33 will require a compensation of the substrate effects via the calibration factor a.
Effects of Substrate
To evaluate the calibration factor a for various substrates, we created several finite element models via ANSYS. Figure 2 shows a one-fourth model of a disk resonator. The disk resonator consisted of three layers: a brass substrate (also serving as the bottom electrode), a PZT thick film, and a top electrode. For the brass substrate, the diameter was 12 mm and thickness was 0.1 mm. It was meshed with solid elements. For the PZT thick film, the material properties are assumed to be PZT-5A. The diameter is 9 mm and the thickness is 0.1 mm. The PZT layer was meshed with piezoelectric solid elements. The top electrode was made of silver with diameter 7 mm and thickness 0.03 mm. It was also meshed with solid elements. The material properties of all layers are listed in Table 1 for reference. The bottom nodes of the substrate were fixed in the space. Also, interfacial nodes between two adjacent layers were merged to ensure displacement continuity across the interfaces. At the center of the top electrode, a pressure load was applied normal to the electrode over a small area with a diameter of 0.61 mm (to simulate the contact area of a hammer tip to be used in experiments), while the rest of the top electrode was subjected to a stress-free boundary condition. The electric potential of the bottom electrode was set to zero, and the electric potential of the top electrode was assumed to be uniform. Note that the electric potential of the top electrode is unknown because it will depend on the charge generated from the impact force. Figure 3 shows the charge Q ÀC PZT V generated in the PZT layer versus the applied force F. (It will be called "charge-force relationship" or simply Q-F curve for the rest of the paper.) The straight line with square solid markers is the ideal case depicted in Eq. (7), whose slope is the theoretical d 33 of PZT-5A, which is 374 pC/N. The straight line with square open markers is from the finite element simulations of the disk resonator predicting a slope of 213 pC/N. As one can see, the finite element simulation does not predict the theoretical slope of d 33 because the disk resonator specimen does not satisfy many assumptions made for Eq. (7). According to Eq. (8), the calibration constant of the circular disk resonator is a ¼ 374 213
A parametric study was also conducted to find out what could significantly affect the calibration factor a from the reference configuration above. Parameters considered include substrate material, boundary conditions, specimen size, thickness, thickness ratio, and PZT thin-film material. The parametric study and its results are explained in detail as follows.
Substrate Material. The substrate material was changed from brass to silicon. Correspondingly, the Young's modulus was changed from 97 GPa to 202 GPa; see Table 1 for detail. The resulting Q-F curve had a slope of 213 pC/N. Therefore, the substrate material almost does not affect the calibration factor a. To avoid confusion, this result is not presented in Fig. 3 .
Boundary Conditions. In real experiments, the bottom of the substrate may be glued and is not subjected to a perfectly fixed boundary condition. To simulate this, a glue layer was introduced in the finite element model between the substrate and the fixed boundary. The glue layer had a thickness of 0.05 mm and Young's modulus of 2.4 GPa ( Table 1) . With the glue layer, the resulting Q-F curve had a slope of 225 pC/N, which leads to a calibration factor a ¼ 374=225 % 1:6622. This represents a minor 5.3% decrease from the calibration factor a % 1:7559 in Eq. (9). To avoid confusion, this result is not presented in Fig. 3 .
Specimen Size. In this study, the top electrode, PZT, and brass (bottom electrode) diameter of specimen were reduced from 7 mm to 3 mm, 9 mm to 5.5 mm, and 12 mm to 5.5 mm, respectively, while the thickness of each layer remained unchanged. The resulting Q-F curve has a slope of 200 pC/N, which leads to a calibration factor a ¼ 374=200 % 1:8700. This represents a minor 6.5% increase from the calibration factor a % 1:7559 in Eq. (9). To avoid confusion, this result is not presented in Fig. 3 .
Thickness Ratio. In this case, the overall thickness of the specimen remains unchanged, but the thickness ratio of the layers was altered. The thickness of the top electrode, PZT, and brass (bottom electrode) were changed to 0.3 lm, 0.673 lm, and 229.027 lm, respectively. In other words, both top electrode and PZT layer were roughly in the same order of magnitude, but were significantly thinner than the substrate. The resulting Q-F curve had a slope of 61 pC/N; see Fig. 3 . This leads to a calibration factor a ¼ 374=61 % 6:1311, representing a significant 250% increase from the calibration factor a % 1:7559 in Eq. (9).
Specimen Thickness. In this case, the thickness of the top electrode, PZT, and brass (bottom electrode) were reduced to 0.339 lm, 1.1313 lm, and 1.1313 lm, respectively. Note that the thickness ratio remains the same as that of the original reference system in Table 1. Yet the overall thickness was reduced to about 2.6 lm. The resulting Q-F curve had a slope of 223 pC/N, which leads to a calibration factor a ¼ 374=223 % 1:6771. This represents a minor 4.5% decrease from the calibration factor a % 1:7559 in Eq. (9). To avoid confusion, this result is not presented in Fig. 3 .
PZT Thin-Film Material. In this study, the material of PZT was changed to PZT-5H with theoretical d 33 of 593 pC/N (Fig. 3) . The resulting Q-F curve had a slope of 327 pC/N; see Fig. 3 . This leads to a calibration factor a ¼ 593=327 % 1:8135 representing a minor 3.3% increase from the calibration factor a % 1:7559 in Eq. (9) .
The parametric study concludes that the calibration factor a is only sensitive to the thickness ratio. (In other words, the thickness ratio dominates the effects of the substrate.) This implies that the calibration factor a can be used to extract piezoelectric coefficient d 33 , once the thickness ratio of each layer is determined in a specimen. The calibration factor a will be valid for a wide range of piezoelectric and substrate materials. Also, uncertainties in specimen size, thickness, and boundary conditions will not significantly affect the calibration factor a and thus the accuracy of this measurement method. Figure 4 shows the experimental setup to instrument this new method. The setup consists of a mini impact hammer, a charge amplifier, an oscilloscope, and a specimen to be tested. The mini impact hammer (made by PCB Piezotronics, Model No. 086E80) has a metal tip with a diameter of 0.61 mm and a load cell with a calibration constant of 22. mV/N. When the hammer taps the specimen, the load cell measures the input force and the charge amplifier measures the charge generated by the PZT. Both the measured force and charge are sent to the digital oscilloscope, where their peak amplitudes are recorded. Prior to the experiment, a finite element analysis was conducted to obtain the calibration factor a of the specimen. After the experiment, the piezoelectric coefficient d 33 is calculated from the peak amplitudes and the calibration factor a according to Eq. (8) .
Experimental Setup and Validation
To test the validity of this new approach, we first choose a thick-film PZT with a known d 33 as our specimen. The specimen was a commercially available single-layered PZT disk resonator (made by APC International Ltd., Model No. MFT-12T-9.2A1). The disk resonator consisted of a brass disk (serving as the substrate and bottom electrode simultaneously), a thick-film PZT layer, and a silver top electrode on the PZT layer. The thickness of the brass disk, the PZT layer, and the silver electrode were 0.1 mm, 0.1 mm, and 0.03 mm, respectively. The diameter of the brass disk, the PZT layer, and the silver electrode were 12 mm, 9 mm, and 7 mm, respectively. The specimen was glued to a block of aluminum using epoxy to simulate a fixed boundary condition.
According to the manufacturer's specifications, the capacitance of the PZT film was 10630% nF and the film was made of PZT-5A. The exact value of d 33 , however, was not listed in the specifications. Given a 30% tolerance in capacitance, we assume a 30% tolerance in d 33 . Since the theoretical value of d 33 for PZT-5A is 374 pC/N, the piezoelectric coefficient d 33 of the disk resonator was estimated to be 3746122 pC/N.
During the experiments, the vertical position of the hammer was finely adjusted so that a wide range of impact forces were applied to the specimen in order to obtain the charge-force relationship (i.e., the Q-F curve). For each hammer position, 20 taps were performed at the center of the specimen, and the peak amplitudes of the measured force and charge were averaged. Figure 5 shows some average force and charge measurements as an example. The top and bottom traces were measured force and charge, respectively. With the automatic hammer, the force level can be well controlled. Since 20 measurements were averaged, the measured force and charge are very consistent with very small noise.
After the force (F) and charge (Q) were measured, their peak values were substituted in Eq. (8) . Also, the calibration factor a of the PZT thick-film specimen was 1.7559 from the finite element modeling discussed in Sec. 3. Then Eq. (8) calculates the piezoelectric coefficient d 33 of the PZT thick film.
Three thick-film PZT specimens were tested. With a ¼ 1.7559, the calibrated charge-force relationship (i.e., aQ versus F) is plotted in Fig. 6 . For each specimen, the markers are from the experimental measurements. The solid lines are from a least-square fit of the experimental measurements, whose slopes give the measured d 33 according to Eq. (8) . Also plotted in Fig. 6 is the theoretical charge-force relationship as a reference. The d 33 obtained from this new approach for the three specimens is 457 pC/N, 426 pC/N, and 493 pC/N, respectively. Compared with the theoretical value 374 pC/N, the measurements from this approach are within the range of 14-32% difference, which is acceptable given that the variation of the specimen properties was 30%.
Throughout the experiments, a careful control the magnitude of the impact force was very important. We noticed that a too big impact force could result in depolarization of PZT thick film and affect the consistent d 33 measurement.
Applications to PZT Thin Films
With the demonstrated feasibility of the new method on thickfilm PZT, we then applied the new method to measure piezoelectric coefficient d 33 of PZT thin films as follows.
A 3 in. wafer with a PZT thin film was fabricated using the following procedure. The silicon substrate (Si wafers with around 400 lm thickness) was first oxidized in a furnace at 1050 C for 3 h to grow a SiO 2 layer of 500 nm thick. Then a layer of silicon nitride of 200 nm thick was deposited by LPCVD (low-pressure chemical vapor deposition). The bottom electrode consisted of Ti/Pt layers with thicknesses of 50 nm and 100 nm, respectively. The PZT film was spin-coated three times. For each coating, the sintering temperature was 650 C for 15 min. For the third coating, the sol was diluted 50% by acetic acid and sintering temperature were reduced to 450 C for 10 min. The thickness of the PZT film was measured around 1 lm. Next, the top electrode, consisting of Cr/Au layers (with a thickness of 25/500 nm) was deposited through evaporation. Moreover, the top electrode was patterned into multiple electrode pads with dimensions of 3 mm by 3 mm or 4 mm by 4 mm. After the fabrication was complete, the PZT film was poled with an electric field of 150 kV/cm at room temperature for 30 min. Finally, the wafer was diced into specimen with dimensions of 5.5 mm by 5.5 mm.
Based on the geometry described above, we created a finite element model of the thin-film PZT specimen. In Fig. 7 , the finite element model is similar to that shown in Fig. 2 , except that the model now has a separate substrate and bottom electrode. Moreover, the specimen is square instead of circular. Table 2 shows the material properties used in the finite element simulation for the PZT thin-film specimen. To obtain the calibration factor, we assume the PZT thin-film material to be PZT-7A with a theoretical piezoelectric constant d 33 of 153 pC/N. The finite element analysis shows that the charge-force relationship for this specimen has a slope of 59.7 pC/N; see Eq. (8) . Therefore, the calibration factor for the thin-film specimen is a ¼ 153 59:7 % 2:5628
Two PZT thin-film specimens were tested using an impact force ranging from 1.8 N to 10 N. With a ¼ 2.5628, the calibrated charge-force relationship (aQ versus F) derived from the experiment is also added into Fig. 8 (cf. the triangular markers in Fig. 8 ). The open markers correspond to one specimen and the solid markers correspond to the second specimen. Since the experimental data from the two specimens are so consistent, only one solid line is used to least-square fit the data. The resulting slope of the least square fit is 21.3 pC/N, which is the measured d 33 for the fabricated PZT thin film according to Eq. (8) free of the effects from the substrate. There are several issues worth noting for these experimental measurements. First, the experimental measurements indicate that the fabricated PZT thin film has very uniform piezoelectric properties. The measurements from two separate specimens from the same wafer show almost the identical slope indicating very consistent d 33 .
Second, the measured d 33 from the PZT thin films is significantly less than that of bulk PZT-5A or PZT-7A. It is well known that piezoelectric coefficients of PZT thin films are smaller compared with those of bulk PZT due to small grain size of PZT film. Also, sol-gel derived PZT thin films will inherit residual stresses from their fabrication process, which subsequently affect the piezoelectric coefficients [26, 27] . Therefore, we believe that the measured d 33 in Fig. 8 is reasonable. Transactions of the ASME Third, it is informative to compare how thick-film PZT and thin-film PZT behave differently to broaden our knowledge base. Table 3 lists major dimensions and measured properties of thickfilm and thin-film PZT specimens. Although the capacitance of PZT thin film is larger than that of the thick-film PZT (19.3 ¼ nF versus 9.02 nF), dielectric constant and piezoelectric coefficient of the PZT thin film are about one-order-of-magnitude smaller than those of the thick-film PZT (274.15 versus 2646.77 and 21.3 pC/N versus 457 pC/N, respectively). These results make sense, because the PZT thin films are fabricated using a sol-gel process. After sintering, PZT thin films are likely to become porous degrading the material properties. Also, a porous bottom electrode could greatly reduce the PZT thin film poling effectiveness yielding a low piezoelectric coefficient. In general, a reduction in dielectric constants often accompanies a reduction in piezoelectric coefficient.
Applications to PZT Thin-Film Microactuators
The measured d 33 can now be used to design the PZT thin-film membrane microactuator shown in Fig. 9 . The microactuator consists of four parts: a membrane, a bulk silicon substrate, a PZT thin-film layer, and a pair of electrodes. (Note that the parts in Fig. 9 are not drawn in proportion.) The membrane is a moving component of the actuator anchored to the silicon substrate. As a result of its small thickness, the silicon membrane has low structural stiffness compared with the substrate. Often, the membrane can be fabricated by releasing part of the bulk silicon substrate, for example, using deep reactive ion etch (Oxford Instruments ICP 380). On top of the membrane is a layer of PZT thin film with a pair of electrodes. When a driving voltage is applied to the electrodes, the PZT thin film extends or contracts in the plane of the membrane; thus creating a bending moment to flex the membrane out of its plane.
Lee et al. [34] has studied the PZT thin-film membrane actuator extensively. Experimentally, they measure the actuator displacement using a laser Doppler vibrometer. They also measured actuator dimensions using SEM. Numerically, they predict the actuator displacement using piezoelectric constants from bulk PZT-7A. The numerical predictions, however, disagree with the experimental measurements by an order of magnitude. As a result, Ref. [34] by Lee et al. serves as an ideal proving ground to validate the accuracy of the newly measured d 33 in Sec. 5.
As a demonstration, let us focus on the actuator C4 described in Ref. [34] . The dimensions and natural frequencies of actuator C4 are listed in Table 4 . The dimensions include the thickness of each layer in the actuator. Two natural frequencies are cited in Table 4 . One is the natural frequency measured in the experiment, which is 59.578 kHz. The other is the natural frequency calculated via finite element analyses, which assume a PZT thin film with Young's modulus of 70 GPA and is accurate, it will predict the measured actuator displacement below 4 V. To predict the displacement of actuator C4 reasonably, two additional factors must be included: residual stresses and dimension variations. They are explained in detail as follows.
Significant residual stresses develop in the PZT thin-film membrane actuators. Since PZT is sintered at 650 C and subsequently cooled down to room temperature, mismatch in coefficients of thermal expansion in different layers results in significant residual stresses. The in-plane residual stresses stiffen the membrane significantly increasing the natural frequency of the actuator. (That is why is greater than in Table 4 .) Although the magnitude of the residual stresses is unknown, its effects on displacement reduction can be estimated via b ðx FEA =x EXP Þ 2 . This is because natural frequency x is proportional to ffiffi ffi k p , where k is the stiffness of the actuator. In addition, the actuator displacement is proportional to k À1 . Therefore, displacement predictions from finite element analyses must be multiplied by the factor b ðx FEA =x EXP Þ 2 to compensate for the stiffness increase caused by the residual stresses. For actuator C4, the correction factor is b ð 40:942 59:578 Þ 2 % 0:4722.
The thickness of each layer, as measured from SEM, bears an uncertainty too. The dimensions listed in Table 4 are measured so that the SEM is perpendicular to the Au layer. If the SEM is oriented such that it is perpendicular to the Si/SiO 2 /SiN x layer, the measured dimensions can vary by 10% to 20%.
With the information above, Fig. 10 shows the finite element analysis (FEA) displacement predictions using the measured d 33 from Sec. 5 (i.e., 23. 
Remarks on Residual Stresses and Effects of d 31
For PZT thin films, presence of residual stresses can affect the piezoelectric coefficient d 33 [26, 27] . In other words, piezoelectric coefficient d 33 is a function of residual stresses. Technically speaking, existing methods [29] [30] [31] [32] [33] In so far as the first question, it actually makes more sense to measure piezoelectric coefficient d 33 while residual stresses are present. When the PZT thin film is in use as a sensor or an actuator, the PZT thin film remains in the state of residual stresses. Therefore, measuring d 33 with residual stresses will better match the condition that appears in actual devices. As such, the measured d 33 with residual stresses can be used directly in finite element analyses to improve design or estimate performance of the sensor or actuator.
For the second question, the finite element modeling in Sec. 3 remains valid for thin films with embedded residual stresses. One should note that residual stresses could affect piezoelectric response as well as mechanical response. The finite element analysis in Sec. 3 aims to extract d 33 from piezoelectric response to account for the effects of residual stresses. The effects of residual stresses on mechanical response should be accounted for via the correction factor b ðx FEA =x EXP Þ 2 at the device level. Although d 31 does not appear explicitly in this paper, effects of d 31 are implicitly incorporated in this approach. Since the Boussinesq's solution cannot be realized in experiments, the correction factor a will depend not only on substrate parameters (e.g., thickness and material properties) but also on other piezoelectric constants of the film, such as d 31 
Conclusions
In this paper, we have developed and demonstrated a simple and low-cost method to measure piezoelectric coefficient d 33 of PZT thin films. The method adopts a mini-impact hammer to generate an impulsive force. A load cell at the tips of the hammer measures the impulsive force, and a charge amplifier measures the charge generated by the PZT layer. Prior to the experiment, a finite element analysis is conducted to estimate a calibration constant to compensate for the substrate effects associated with the Experimental results on thick-film PZT specimens with known piezoelectric coefficients indicate that the method is accurate. Piezoelectric coefficient d 33 measured using the new method is well within the specification tolerance. The method also works successfully on PZT thin films without damaging the films. Nevertheless, impact force level needs to be capped to avoid depolarization of the PZT thin films. With the measured d 33 , we can predict the displacement of PZT thin-film membrane actuators accurately to match with existing experimental results.
This new method is distinct from existing measurement methods [29] [30] [31] [32] [33] in two aspects. First, it does not require expensive experimental setup, and yet it can accurately compensate for the effects of the substrate. It employs impact forces and averaging techniques. As a result, the measured data do not scatter and have very low noise level. Second, this paper proves that the measured d 33 is accurate. Simulations based on the measured d 33 predict the displacement of PZT thin-film membrane microactuators accurately.
